INTRODUCTION {#s1}
============

Humans live in symbiosis with different microorganisms present on the skin and in the oral cavity, vagina, and gut ([@R1]). These microorganisms affect host nutrition, metabolic function, gut development, and the maturation of the immune system and epithelial cells ([@R2]). The gut microbiota refers to the microorganisms (approximately 100 trillion of them) ([@R3]) that colonize the gastrointestinal tract ([@R4]). Five phyla representing ∼160 species can be detected in the large intestine alone ([@R5]). The most representative phyla are *Firmicutes* (60%--65%), *Bacteroidetes* (20%--25%), and *Proteobacteria* (5%--10%), although this may vary widely between one person and another ([@R6]).

Eubiosis, which is associated with good health status ([@R7]), requires the intestinal ecosystem to be in good microbial equilibrium; dysbiosis is any change in this equilibrium ([@R7]). Dysbiosis has been strongly linked to obesity, type 2 diabetes ([@R8]), inflammatory bowel disease ([@R9]), colon cancer, and autism ([@R10]). Some studies have shown that restoring eubiosis in the gut of obese mice improves their metabolic profile ([@R11]--[@R13]) and reduces insulin resistance.

Physical activity is characterized by any movement of the skeletal muscles that demands energy expenditure, whereas exercise is a structured, planned, and repetitive physical activity, the purpose of which is to improve or maintain physical fitness ([@R14]). Several studies report that increasing the amount of physical activity undertaken improves the physical and mental health of persons of any age ([@R15]). Exercise can be included in the treatment of many chronic diseases ([@R15],[@R16]). In animal models, exercise seems to restore eubiosis in the gut ([@R17]--[@R19]), although the mechanisms involved remain unknown ([@R20],[@R21]).

The influence of exercise on the gut microbiota of healthy humans is poorly understood ([@R1],[@R22],[@R23]). Three systematic reviews on the subject are available, but they suffer from 2 major limitations ([@R24]--[@R26]): (i) they omit information on several key studies ([@R27]--[@R40]) and (ii) they focus on both healthy and unhealthy human subjects alike (because the effect of exercise on the gut microbiota in healthy humans is unclear, studying the effect of exercise on the gut microbiota in unhealthy humans hampers the interpretation of the results; it is impossible to know whether any changes are caused by exercise or the disease itself). The present work focuses on the influence of exercise on the gut microbiota of healthy adults.

MATERIAL AND METHODS {#s2}
====================

This systematic review was conducted adhering to the Preferred Reporting Items for Systematic Reviews and Meta-Analysis statement ([@R41]) and was registered with the International Prospective Register of Systematic Reviews (PROSPERO registration number: CRD42018114664).

Search strategy {#s2-1}
---------------

A literature search was conducted across the SciELO, Scopus, PubMed, and the Web of Science databases, taking into account the reports published up until July 5, 2019. The following search strategies were followed: for SciELO, (gut) AND (microbiota) (see Table S1, Supplementary Digital Content 1, <http://links.lww.com/CTG/A166>); for Scopus, (gut) AND (microbiota) AND (exercise) AND (human) AND (humans) (see Table S2, Supplementary Digital Content 1, <http://links.lww.com/CTG/A166>), and for PubMed (((((((((((((((((("Gastrointestinal Microbiome") OR ((("Fecal Microbiota") OR "Cecal Microbiota") OR "Fecal Microbiota")))))) AND (((Exercises) OR Training))))) AND Human) NOT ((((((((((((((((((("Mice"\[Medical Subject Heading (MeSH)\]) OR "Rats"\[MeSH\]) OR "Animal Experimentation"\[MeSH\]) OR "Models, Animal"\[MeSH\])) OR ("rats" OR "mouse"))) OR "mice")) OR "rat")))))))))))))))) NOT Review. When exploring PubMed, MeSH terms were included to increase the power of the search (see Table S3, Supplementary Digital Content 1, <http://links.lww.com/CTG/A166>). A slightly different search strategy was used for the Web of Science database because it does not include MeSH terms: ((((((((((((((((((Gut) OR Intestinal) OR Gastrointestinal) OR Fecal) OR Cecal) OR Faecal)) AND (((((Flora) OR Microflora) OR Microbiotas) OR Microbiome) OR Microbiomes)))) AND (((Exercises) OR Training)) AND Human))) NOT (Mice OR Rat\* OR (Experiment\* AND Animal\*) OR (Research\* AND Animal\*) OR mouse OR (model\* AND animal\*))))))). For further details see Table S4 (Supplementary Digital Content 1, <http://links.lww.com/CTG/A166>).

Selection criteria {#s2-2}
------------------

The inclusion criteria were: (i) observational and intervention studies, (ii) studies including exercise interventions (either very short-term or medium/long-term) or interventions involving any type of physical activity, (iii) studies including effects on gut microbiota as an outcome. Case-control studies were included, but only those that reported data for the healthy controls. The exclusion criteria were: (i) studies written in languages other than English or Spanish, (ii) studies including unhealthy people, (iii) reviews, and (iv) studies in animal models. No restrictions were placed on subject age or body composition.

After removing duplicates, eligibility was finally assessed by (i) reading the title and abstract and (ii) reading the full text if still potentially eligible.

Data extraction {#s2-3}
---------------

The following information was collected from each included study: (i) the authors\' names and bibliographic references; (ii) the number of subjects and their sex, age, and body mass index (BMI); (iii) exercise outcomes; (iv) control diet type (standardized diet and/or adjusting the results for nutritional intake); (v) fecal sample collection; (vi) the technique used for gut microbiota analysis; and (vii) the main findings. Two authors (L.O.-A. and H.X.) conducted the literature search and data extraction independently; disagreements were resolved by consensus. The articles selected were classified according to the type of study (observational, very short-term exercise interventions, and medium/long-term exercise interventions).

Study quality {#s2-4}
-------------

With the purpose of evaluating the quality of the studies included, we used Physiotherapy Evidence Database methodological quality scale ([@R42]). This tool consists of 11 items assessing the interpretability of studies, internal and external validity, and it is able to detect potential bias with good reliability ([@R42],[@R43]). The total score was obtained by adding of the scores for items 2--11. Scores of ≤3 were viewed as describing studies of low methodological quality, 4--6 those of moderate quality, and ≥7 those of high methodological quality.

RESULTS {#s3}
=======

General overview {#s3-1}
----------------

Figure [1](#F1){ref-type="fig"} shows the preferred reporting items for systematic reviews and meta-analysis consort diagram for the search strategy. A total of 619 studies were found across the 4 databases examined (no eligible studies were detected in the SciELO and Scopus databases), 580 of which were excluded after reading the title and abstract. Thus, 18 studies met the inclusion criteria, 9 of which were observational (i.e., 3 cross-sectional ([@R35],[@R36],[@R44]) and 6 case-control studies ([@R27],[@R28],[@R33],[@R34],[@R45],[@R46])) (see Table S5, Supplementary Digital Content 1, <http://links.lww.com/CTG/A166>), 4 of which were very short-term exercise intervention studies (2 was a case-control study ([@R32],[@R37])) (see Table S6, Supplementary Digital Content 1, <http://links.lww.com/CTG/A166>), and 5 of which were medium/long-term exercise intervention studies (one was a case-control study ([@R47])) (see Table S7, Supplementary Digital Content 1, <http://links.lww.com/CTG/A166>). All studies were published between 2014 and 2019.

![Flowchart showing the literature search and article selection process.](ct9-11-e00126-g001){#F1}

The sample size of 17 of these 18 studies ranged from 3 to 88 subjects ([@R27]--[@R40],[@R45]--[@R47]), and one had a sample size of 1,493 subjects ([@R44]). Five of the 18 studies involved only women ([@R29],[@R30],[@R34],[@R36],[@R46]), 3 involved only men ([@R28],[@R31],[@R45]), 8 involved both men and women ([@R27],[@R32],[@R33],[@R35],[@R38]--[@R40],[@R47]), and 2 studies did not report subject sex ([@R37],[@R44]). The subject age ranged from 18 to 77 years; one study did not report the subject age ([@R44]). Four studies included sedentary subjects ([@R29],[@R30],[@R40],[@R47]), 3 focused on active participants ([@R27],[@R31],[@R39]), and 9 involved both sedentary and recreationally active subjects ([@R28],[@R32]--[@R36],[@R44]--[@R46]). Two studies did not report the levels of physical activity practiced ([@R37],[@R38]). Physical activity was assessed using a questionnaire in 5 studies ([@R27],[@R28],[@R34],[@R44],[@R45]) and using an accelerometry-based method in one ([@R46]). Four studies measured cardiorespiratory fitness through the maximum oxygen consumption (VO~2max~) test ([@R33],[@R35]--[@R37]).

Eight studies did not record the participants\' diet before assessments were made ([@R28],[@R33]--[@R35],[@R37],[@R40],[@R44],[@R45]); 6 studies ([@R27],[@R29],[@R30],[@R32],[@R36],[@R46]) examined the diet by the means of food records or food frequency questionnaires and adjusted the results accordingly. Four studies established a fixed diet for some days before the collection of feces ([@R31],[@R38],[@R39],[@R47]).

The bacterial alpha diversity was reported in 12 studies (n = 66·6%) ([@R28],[@R29],[@R31],[@R34],[@R35],[@R38]--[@R40],[@R44]--[@R47]) (Figure [2](#F2){ref-type="fig"}, see Tables S5 to S7, Supplementary Digital Content 1, <http://links.lww.com/CTG/A166>) and beta diversity in 7 (n = 38·8%) ([@R29],[@R34],[@R35],[@R40],[@R44],[@R46],[@R47]) (see Tables S5, S6, and S7, Supplementary Digital Content 1, <http://links.lww.com/CTG/A166>). The studies reported on the gut microbiota data using different taxonomic ranks (see Tables S3, S5, S6, and S7, Supplementary Digital Content 1, <http://links.lww.com/CTG/A166>); 2 reported at the phylum level ([@R36],[@R37]), 7 at the genus level ([@R27],[@R29],[@R32],[@R35],[@R38],[@R45],[@R47]), and 5 at the species level ([@R30],[@R31],[@R39],[@R44],[@R46]). Only one study reported the ratio *Firmicutes*/*Bacteroidetes* ([@R33]), and only 3 reported the concentration of short-chain fatty acids (SCFAs) in the feces ([@R28],[@R35],[@R47]) (Figure [3](#F3){ref-type="fig"}). Such a heterogeneity hampers comparisons; no meta-analysis was performed. However, the gut microbiota data reported by the different studies could all be converted to the phylum level, making comparisons and interpretations somewhat easier (Figures [4](#F4){ref-type="fig"} and [5](#F5){ref-type="fig"} and Table S8 see Supplementary Digital Content 1, <http://links.lww.com/CTG/A166>).

![Influence of exercise on alpha diversity by study design. The dark grey bars (+) indicate the number of studies showing a positive association between physical activity or cardiorespiratory fitness and bacterial alpha diversity. The light grey bars (0) represent the number of studies showing no influence of physical activity or cardiorespiratory fitness on alpha diversity. The light grey and white bars ("NR") indicate the number of studies that reported no results in this respect. NR, no results.](ct9-11-e00126-g002){#F2}

![Summary of the main findings of the present review with respect to short-chain fatty acids (SCFAs), by study design. Panel (**a**) represents the main results of all observational studies (n = 2). Panel (**b**) shows the main results of the medium/long-term studies (n = 1). The dark grey bars (+) indicate the number of studies showing a positive association between levels of physical activity or cardiorespiratory fitness and SCFAs, or a positive effect for an exercise intervention. The light grey bars (−) indicate a negative association between levels of physical activity or cardiorespiratory fitness and SCFAs.](ct9-11-e00126-g003){#F3}

![Summary of the main results of the present review by study design. Panel (**a**) represents the main findings of all observational studies. Panel (**b**) represents the main findings of all very short-term intervention studies. Panel (**c**) represents the main findings of all medium/long-term intervention studies. The dark grey (+) indicate the number of studies that showed a positive influence of physical activity or cardiorespiratory fitness on the different phyla, or a positive effect for an exercise intervention. The light grey bars (−) indicate the number of studies that showed a negative effect for an exercise intervention. The light grey and white bars (+/−) represent the number of studies showing positive and negative findings within the same phyla. These findings come from the observational studies of Clarke et al. ([@R45]), and Bressa et al. ([@R46]), and from the medium/long-term exercise intervention study of Morita et al. ([@R30]).](ct9-11-e00126-g004){#F4}

![Summary of the main findings of the observational studies of Clarke et al. ([@R45]) (**a**) and Bressa et al. ([@R46]) (**b**), and the medium/long-term intervention study of Morita et al. ([@R30]) (**c**). The dark grey bars (+) represents a positive association between physical activity and the gut microbiota at the genus level, or a positive effect of an exercise intervention. The light grey bars (−) represent a negative association between physical activity and gut microbiota at the genus level, or a null effect of an exercise intervention.](ct9-11-e00126-g005){#F5}

Methodological quality of clinical trials {#s3-2}
-----------------------------------------

Based on Physiotherapy Evidence Database scale criteria, all studies 100% (n = 18) ([@R27]--[@R40],[@R44]--[@R47]) were of medium quality (see Table S9, Supplementary Digital Content 1, <http://links.lww.com/CTG/A166>). Criteria 2 and 3 (regarding allocation) and 5, 6, and 7 (regarding the blinding process) were the least satisfied by the different studies, whereas criteria 4, 8, 9, 10, and 11 (regarding the design of randomization and the data displayed) were the best satisfied.

Observational studies---detailed examination {#s3-3}
--------------------------------------------

Of the 9 observational studies detected, 4 reported a positive association between the level of physical activity and bacterial alpha diversity ([@R28],[@R34],[@R44],[@R45]), although one study observed no such association ([@R46]). One study reported a positive association between cardiorespiratory fitness and bacterial alpha diversity ([@R35]). Three studies did not report bacterial alpha diversity at all ([@R27],[@R33],[@R36]). Beta diversity was reported by 4 of the above 9 studies ([@R34],[@R35],[@R44],[@R46]), but only one ([@R34]) reported physical activity to be associated with it.

McFadzean ([@R44]) recorded the self-reported physical activity level (undertaken never, rarely, occasionally, regularly, or daily) of 1,493 people and observed people who undertook physical activity occasionally, regularly, and daily to return higher bacterial alpha diversity values than those who undertook physical activity rarely. They also reported the highest fecal *Faecalibacterium prausnitzii* (*Firmicutes* phylum) counts for those who undertook daily physical activity (see Table S5, Supplementary Digital Content 1, <http://links.lww.com/CTG/A166>). Petersen et al. ([@R27]) reported the frequency of training in cyclists to correlate positively with fecal *Prevotella* (phylum *Bacteroidetes*) counts, independent of race category (professional or amateur), and after taking into account nutritional intake (see Table S5, Supplementary Digital Content 1, <http://links.lww.com/CTG/A166>).

Clarke et al. ([@R45]), Mörkl et al. ([@R34]), and Barton et al. ([@R28]) reported bacterial alpha diversity to be higher in athletes compared with healthy, sedentary controls. Clarke et al. ([@R45]) observed phylum *Proteobacteria* and *Verrucomicrobia* and genus *Prevotella* (phylum *Bacteroidetes*) fecal counts to be higher, and those for genus *Bacteroides* (phylum *Bacteroidetes*) to be lower, in athletes than in sedentary controls (see Table S5, Supplementary Digital Content 1, <http://links.lww.com/CTG/A166> and Figure [5](#F5){ref-type="fig"}). Barton et al. ([@R28]) reported a positive association between physical activity level and fecal SCFA (butyrate, propionate, acetate, and valerate) concentration (see Table S5, Supplementary Digital Content 1, <http://links.lww.com/CTG/A166>).

Bressa et al. ([@R46]) observed no association between objectively measured physical activity levels and bacterial alpha diversity in premenopausal women (see Table S5, Supplementary Digital Content 1, <http://links.lww.com/CTG/A166>). They did, however, report a positive association between physical activity and fecal counts for genus *Bifidobacterium* (phylum *Actinobacteria*) and *Akkermansia muciniphila* (phylum *Verrucomicrobia*) (see Table S5, Supplementary Digital Content 1, <http://links.lww.com/CTG/A166>). They also reported that within the phyla *Firmicutes*, *Bacteroidetes*, and *Proteobacteria*, some genera belonging to the same phylum were present in different amounts in active women compared with controls (see Table S5, Supplementary Digital Content 1, <http://links.lww.com/CTG/A166> and Figure [5](#F5){ref-type="fig"}). It should be noted that these authors adjusted their results for subject diet, as assessed by a food frequency questionnaire.

Estaki et al. ([@R35]) reported cardiorespiratory fitness to be positively associated with bacterial alpha diversity. Moreover, they reported a positive association between cardiorespiratory fitness and fecal counts for order *Clostridiales* family *Lachnospiraceae*, family *Erysipelotrichaceae*, genus *Coprococcus*, genus *Roseburia* (all phylum *Firmicutes*), and genus *Adlercreutzia* (phylum *Actinobacteria*) (see Table S5, Supplementary Digital Content 1, <http://links.lww.com/CTG/A166>). In addition, they observed cardiorespiratory fitness to be positively associated with fecal butyrate and to be negatively associated with other SCFAs such as propionate and acetate (see Table S5, Supplementary Digital Content 1, <http://links.lww.com/CTG/A166>). Yang et al. ([@R36]) observed that premenopausal women with high cardiorespiratory fitness levels to have higher fecal counts of phylum *Bacteroidetes* after adjusting for nutritional intake. Finally, Durk et al. ([@R33]) reported a positive association between cardiorespiratory fitness and the *Firmicutes/Bacteroidetes* fecal count ratio in healthy young adults (see Table S5, Supplementary Digital Content 1, <http://links.lww.com/CTG/A166>).

Very short-term exercise intervention studies---detailed examination {#s3-4}
--------------------------------------------------------------------

Over 2 independent days, Lundgren-Kownacki et al. ([@R38]) assessed how water rehydration affected the gut microbiota after a single load of physical work (a combination of different exercises). They only collected one fecal sample after each of 2 exercise days, but reported no change in the composition of the gut microbiota between these 2 days (the diet having been standardized before assessment) (see Table S6, Supplementary Digital Content 1, <http://links.lww.com/CTG/A166>). Zhao et al. ([@R39]) investigated the composition of the gut microbiota in 20 runners before and after a half-marathon (21.1 km) and found the bacterial alpha diversity not to have changed after the race. However, they did observe an increase in fecal counts of class *Coriobacteriia*, order *Coriobacteriales*, family *Coriobacteriaceae*, genus *Collinsella*, and *Collinsella aerofaciens* (all phylum *Actinobacteria*) after the race. Different families, genera, and species belonging to the phyla *Proteobacteria* and *Firmicutes* also showed increased counts (see Table S6, Supplementary Digital Content 1, <http://links.lww.com/CTG/A166>). It should be noted that the study subjects received the same meal before each fecal collection. Shukla et al. ([@R37]), who performed a cycling test and collected fecal samples at baseline, 48 hour, and 72 hour postexercise, observed higher fecal counts for *Bacteroidetes* and other phyla (data not reported) at 72 hour compared with baseline (see Table S6, Supplementary Digital Content 1, <http://links.lww.com/CTG/A166>). Finally, Scheiman et al. ([@R32]) evaluated how a marathon affected the gut microbiota after a marathon in 15 subjects. They observed that the fecal counts of genus *Veillonella* significantly increased after the marathon. Later, they confirmed the findings in a separate cohort of 11 ultramarathoners and Olympic rowers after a single bout of exercise. No study analyzed the effect of very short-term exercise on fecal SCFA concentrations (Figure [3](#F3){ref-type="fig"}).

Medium/long-term exercise intervention studies---detailed examination {#s3-5}
---------------------------------------------------------------------

Cronin et al. ([@R40]) ran an 8-week concurrent training intervention (3 days per week) and observed the bacterial beta diversity, but not the alpha diversity, to have changed at the end of the study period. Similarly, Munukka et al. ([@R29]) ran a 6-week endurance intervention (cycling; 3 days per week) study involving women only and observed bacterial beta diversity to have increased by the end of the study, whereas the alpha diversity remained unchanged (see Table S7, Supplementary Digital Content 1, <http://links.lww.com/CTG/A166>). However, after the intervention, fecal counts for phylum *Verrucomicrobia*, specifically family *Verrucomicrobiaceae* and genus *Akkermansia*, increased after adjusting for nutritional intake. By contrast, counts for phylum *Proteobacteria* had fallen (see Table S7, Supplementary Digital Content 1, <http://links.lww.com/CTG/A166>). Morita et al. ([@R30]) ran 2 exercise interventions of 12 weeks duration, endurance training (1 hour of walking every day), or resistance training (1 hour training per week). Fecal counts for the genus *Bacteroides* increased after endurance training, whereas those for *Clostridium subcluster XIVa* (phylum *Firmicutes*) decreased. By contrast, *Clostridium cluster IX* (phylum *Firmicutes*) increased after the resistance intervention (see Table S7, Supplementary Digital Content 1, <http://links.lww.com/CTG/A166> and Figure [5](#F5){ref-type="fig"}). Keohane et al. ([@R31]) studied the effect of a long boat race (4 weeks) on the gut microbiota of 3 men. They collected 4 fecal samples (at baseline, mid-race, just before the race finished, and 3 months postrace) and showed bacterial alpha diversity to have changed from the middle of the race until the end. All participants returned increased fecal counts for the genus *Subdoligranulum* unclassified, *Dorea longicatena*, and *Roseburia hominis* and reduced counts for *Bacteroides finegoldii*. In one athlete, counts for *Prevotella copri* remained increased from the middle of the race until 3 months postrace. It should be noted that all athletes had the same diet during the race (see Table S7, Supplementary Digital Content 1, <http://links.lww.com/CTG/A166>). Allen et al. ([@R47]) conducted a 6-week endurance intervention (3 days of endurance training per week) and collected fecal samples at baseline, just after the intervention, and again 6 weeks later. The bacterial alpha and beta diversities did not change, either after the intervention or after the 6-week washout period. However, fecal counts for the order *Clostridiales*, genus *Roseburia*, genus *Lachnospira*, genus *Faecalibacterium*, and genus *Lachnospiraceae* unclassified (all phylum *Firmicutes*) increased after the intervention. The endurance training also increased some fecal SCFA concentrations (such as acetate and butyrate), but only in normal weight individuals. It should be noted that all the subjects in the latter study also followed an energy intake restriction diet during the intervention period (see Table S7, Supplementary Digital Content 1, <http://links.lww.com/CTG/A166>).

DISCUSSION {#s4}
==========

The present review indicates both physical activity level and cardiorespiratory fitness to be positively associated with bacterial alpha diversity in healthy humans, whereas the exercise interventions (either very short-term or medium/long-term) had little or no effect on bacterial alpha and beta diversities. Contrasting findings were detected regarding the effect of exercise interventions on fecal counts for the phyla *Firmicutes*, *Bacteroidetes*, and *Proteobacteria*. In addition, some studies reported a positive association between physical activity/cardiorespiratory fitness and fecal SCFA concentration ([@R28],[@R35]), this agrees with the findings of one medium/long-term exercise intervention study ([@R47]). Physical activity or exercise appears to have different effects on different species belonging to the same phylum. It is unclear whether diet has any bearing on these findings. Taking the examined results together, it would appear that exercise could influence the composition of the gut microbiota in healthy adults, but the heterogeneity of the available studies precludes any firm conclusions from being drawn.

How might exercise exert an effect on the gut microbiota? {#s4-1}
---------------------------------------------------------

Exercise affects several physiological systems ([@R14]), including the skeletal muscle system ([@R23]). Several studies have suggested bidirectional crosstalk to exist between the skeletal muscles and the gut---the so-called muscle-gut ([@R20]) or gut-muscle ([@R48]) axis (Figure [6](#F6){ref-type="fig"}). This existence of this axis is based on the fact that the contraction of skeletal muscle during exercise has an anti-inflammatory effect because of the release of myokines ([@R49]). Recently, Hamasaki ([@R50]) reported in a review that some myokines seem to play a role in mediating the secretion of glucagon-like peptide-1 (GLP-1, a key incretin involved in whole-body metabolism) in the gut during exercise ([@R11]). Certainly, interleukin-6 is involved in the secretion of GLP-1 by the L-cells in the ileum ([@R51]). Further evidence for the existence of the gut-muscle axis lies in the gut microbiota producing SCFAs---key mediators of energy metabolism in the mitochondria of skeletal muscles ([@R52]) that in turn help regulate whole-body glucose metabolism ([@R53]). Moreover, SCFAs interact with specific G-protein-coupled receptors (GPR41 and GPR43) on the intestinal L-cells ([@R54]), stimulating the secretion of GLP-1 ([@R55]). Several bacteria are SCFA producers; *Bifidobacterium* (phylum *Actinobacteria*) produces acetate that can be transformed into butyrate ([@R56]), whereas *Akkermansia* (phylum *Verrucomicrobia*) produces propionate and acetate ([@R57]). Acetate and butyrate both enhance muscle fat oxidation, changing the oxidative status of muscle fibers ([@R58]). Thus, acetate and butyrate enhance metabolic flexibility by improving the capacity to use and switch between lipid and carbohydrate fuels ([@R58]). Butyrate also inhibits histone deacetylase, protecting against muscle protein catabolism and therefore preventing age-related muscle mass loss ([@R59]). A recent study showed that the daily treatment of *Akkermansia munichipila* (*Verrucomicrobia* phylum), during 3 months, in obese individuals with metabolic syndrome is able to improve glucose and lipid metabolism, as well as body weight ([@R60]). Curiously, work discussed in the present review suggests that fecal counts of the phyla *Actinobacteria* and *Verrucomicrobia* are increased after very short-term ([@R39]) and medium/long-term ([@R29]) exercise interventions, respectively, and that their numbers are related to physical activity ([@R45],[@R46]) and cardiorespiratory fitness ([@R35]). Recently, Scheiman et al. ([@R32]) demonstrated in mice that *Veillonella atypica* is able to metabolize lactate into acetate and propionate improving exercise performance, although this assumption remains to be demonstrated in humans. Moreover, Ehrenpreis et al. ([@R61]) showed exercise could make that SCFAs were more biologically available to colonic bacteria. We observed that SCFAs appear to increase after medium/long-term exercise interventions ([@R47]) and are positively associated with physical activity level ([@R28]) and cardiorespiratory fitness ([@R35]), suggesting exercise to play a key role in the secretion of SCFAs, that stimulate the muscle-gut axis.

![Main characteristics of the gut microbiota of a long-term sedentary-behavior subject: dysbiosis, low bacterial alpha diversity, and low concentrations of SCFAs. It may be that after an exercise intervention, the gut microbiota becomes more eubiotic with a greater alpha diversity; SCFAs concentrations may also increase. The gold lines represent the possible cross-talk between the gut and the skeletal muscle (gut-muscle axis). The blue lines represent the possible cross-talk between the skeletal muscle and the gut (muscle-gut axis). However, most of the physiological mechanisms that explain these pathways remain unknown, or at least are not well understood; this is highlighted through the use of a question mark. SCFA, short-chain fatty acids.](ct9-11-e00126-g006){#F6}

The diversity of microbes within the human body can be described in their richness and evenness, i.e., by the number of species regarding species abundance (alpha diversity). Several studies have shown that the greater the species diversity, the healthier the phenotype ([@R6],[@R62]). The reviewed results suggest that greater physical activity and cardiorespiratory fitness are associated with higher bacterial alpha diversity in healthy adults ([@R28],[@R34],[@R35],[@R44],[@R45]). However, very short-term and medium/long-term exercise interventions (\<8 weeks of endurance exercise) appear to have little effect on alpha diversity ([@R29],[@R38]--[@R40],[@R47]) (although after just 4 weeks of endurance exercise an effect was recorded in 3 athletes ([@R31])). This suggests that human bacterial alpha diversity is affected only by longer exercise interventions. However, whether long-term exercise really does increase bacterial alpha diversity, and the prevalence of species able to produce SCFAs (and therefore improve metabolic flexibility) remains a mystery. Some studies ([@R63],[@R64]) suggest that long-term exercise interventions can indeed improve metabolic flexibility in humans, but the mechanisms that might explain why are unknown. Further studies are needed to address these questions.

General limitations of the studies included in the present review {#s4-2}
-----------------------------------------------------------------

The cohorts included in the reviewed studies were quite heterogeneous. No comparisons between sexes or BMI categories could be made because the studies did not report the same kinds of data.

Most of the studies used self-reported questionnaires to determine physical activity ([@R27],[@R28],[@R34],[@R44],[@R45]), with 3 ([@R28],[@R34],[@R45]) using validated questionnaires. However, it is well known that the estimation of physical activity by questionnaire (which is easy and inexpensive) is less accurate than more objective methods ([@R65]). Bressa et al. ([@R46]) and Morita et al. ([@R30]) used an accelerometry-based method, which offers a potential solution to the problems associated with self-reported data ([@R65]). Thus, the lack of observational studies that have used objective measurements of physical activity hinders drawing any reliable conclusions on the effect of physical activity on the gut microbiota.

Currently, all human and mouse studies that have addressed the effect of exercise on the gut microbiota have involved endurance interventions (running or cycling); less attention has been paid to resistance training ([@R30],[@R40]), which has a different physiological effect in humans ([@R66]--[@R68]). Cronin et al. ([@R40]) made use of concurrent training (endurance + resistance exercises), although with this type of training it is impossible to know whether the endurance or resistance components have different effects. Morita et al. ([@R30]) ran endurance and resistance interventions in elderly adults, but these were dissimilar in training time and intensity, making it impossible to know whether the effects on the gut microbiota were driven by the different types of exercise or the different total training times.

It should be remembered that gut microbiota is affected by the diet ([@R45],[@R69]--[@R74]). Four studies ([@R31],[@R38],[@R39],[@R47]) used a standardized diet with their subjects before and during the intervention period, but this makes it impossible to know whether the changes seen in the gut microbiota were caused by the exercise intervention or the change in diet. New studies including a control group could solve this problem. Moreover, 8 (44.4%) of the studies reviewed ([@R28],[@R33]--[@R35],[@R37],[@R40],[@R44],[@R45]) did not take diet into account at all; the 7 that did ([@R27],[@R29],[@R30],[@R32],[@R36],[@R46],[@R47]) monitored intake through food frequency questionnaires or 24 hours diary records before collecting the fecal samples.

Eleven studies (61·1%) ([@R27]--[@R29],[@R31],[@R32],[@R35],[@R39],[@R40],[@R44],[@R46],[@R47]) used the advanced Illumina platform to sequence the gut microbiota, whereas 7 used older techniques ([@R30],[@R33],[@R34],[@R36]--[@R38],[@R45]). For assigning a taxonomic identity to the sequences, the most accurate platform is that of the Ribosomal Database Project (annotation error rate ∼10%). This was used in only 4 studies ([@R27],[@R37],[@R39],[@R47]), whereas the Silva and Greengenes databases (error rate ∼17%) ([@R75]) were used in 2 ([@R29],[@R45]) and 3 ([@R35],[@R44],[@R46]), respectively. The remaining studies (n = 9) ([@R28],[@R30]--[@R34],[@R36],[@R38],[@R40]) used other databases. Moreover, the studies examined in the present review reported their data at different taxonomic levels, making comparisons difficult.

Future research needs {#s4-3}
---------------------

Currently, we are not close to understanding the effect of exercise on the human gut microbiota. Future studies should bear in mind the shortcomings highlighted by the present review:Data homogeneity. Future studies should report information with respect to age, BMI, and gender. It needs to be clear whether the effect of exercise on the gut microbiota is different in these respects.Physical activity. Most of the observational studies (55%) discussed in the present review used self-reported questionnaires to determine physical activity levels. Objectively measured physical activity (e.g., using accelerometry), would improve the reliability of any associations seen with changes in the gut microbiota.Type of exercise. When designing future studies, the importance of the type of exercise (endurance vs resistance), intensity (moderate vs vigorous), and subjects status (untrained vs trained individuals) should be understood.Diet: The gut microbiota is easily affected by changes in food intake ([@R45],[@R69]--[@R74]). Future studies should control at least what their participants eat during the exercise interventions and before stool collection. Reporting these data as descriptive values will help reveal the general effects of exercise.Quantification of the gut microbiota. Interest in the human gut microbiota is growing fast, and the technology needed to examine it is advancing rapidly. Future studies should use state-of-the-art technologies, such as the *Illumina* platform and Ribosomal Database Project annotation. They should also focus on the effect of exercise interventions at all taxonomical levels. Some of the studies discussed in the present work ([@R36],[@R37]) reported information at the phylum level, but species within the same phylum were seen to be affected differently by exercise. Reporting at the species level would be a great step forward.Mechanistic studies. Mouse and human experiments should focus on elucidating the possible mechanisms through which exercise might influence the gut microbiota or *vice versa*. Basically, the unknown mechanistic pathways behind the gut-muscle and muscle gut axes need to be investigated (Figure [6](#F6){ref-type="fig"}).Publication bias. Negative results in science are just as important as positive results ([@R76]). In the present review, 11 (61·1%) studies reported only positive results; they did not report whether they observed any negative or null effects. This type of information is crucial.

Based on the 18 studies included in the present review, physical activity and cardiorespiratory fitness seem to be positively associated with bacterial alpha diversity, fecal counts for certain bacterial phyla, and fecal SCFA concentrations in healthy adults. Exercise interventions seem to influence fecal counts for certain phyla. However, the heterogeneity of the examined studies precludes any stronger conclusions from being drawn. Thus, although the current evidence points toward exercise having an effect on the human gut microbiota, more and better designed studies are needed if this is to be confirmed, and the mechanisms involved are to be understood.
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